The bandwidth features of reflectarray antennas are analyzed by examining in detail the phase errors due to the compensation mechanism for spatial phase delays. A bandwidth estimation rule is defined, taking into account the combined effects due to the overall antenna geometry and the frequency response of the single reflectarray element. An aperture-coupled reflectarray configuration with reduced interelement spacing is considered as broadband solution for the implementation of small reflectarrays. A 20 GHz aperture-coupled element is synthesized for the design of a 12λ diameter reflectarray, showing a simulated 1 dB gain bandwidth of 23%.
Introduction
Reflectarray antennas offer many advantages over traditional reflector antennas. They combine the best features of microstrip technology with those related to parabolic reflectors. As a matter of fact, reflectarrays are low profile antennas, characterized by a cheaper fabrication process, also offering improved efficiencies due to the spatial feeding approach. As counterpart to the above advantages, reflectarrays are usually constrained to operate over a small frequency band, mainly caused by the limited bandwidth of microstrip radiators and the frequency dependence of the spatial phase delay in the paths from feed to array elements. This last effect is dominant for reflectarrays with large aperture diameters D and small focal distances F from the feed, resulting in reduced F/D ratios (typically F/D ≤ 0.6). Conversely, in the case of reflectarrays with moderate aperture dimension and F/D ratio greater than 0.6, the dominant factor limiting the antenna bandwidth is the frequency band of the single radiator.
Different solutions have been proposed to improve the bandwidth performances of reflectarray antennas.
A first class of solutions, essentially based on the exact compensation of the phase error accumulated in the different feed-element paths, comprises the use of real delay lines [1] and stacked configuration based on the use of a threelayer reflectarray with different size patches [2] . A piecewise planar reflectarray configuration is also proposed in [3] , which approximates the parabolic surface thus introducing a geometric compensation of the feed-elements path delay, just as in the case of parabolic reflectors.
A second group of solutions focuses on the design of broadband reflectarray elements. A complete overview of all existing wideband reflectarray configurations is presented in [4] , including the use of thicker substrates with low permittivity, two-layer stacked patches having variable size, and aperture-coupled configuration with a phase tuning line. These structures are suitable for the implementation of small reflectarrays (D < 50λ 0 at the operating frequency f 0 ) with wideband performances.
A further improvement in the bandwidth of aperturecoupled reflectarrays has been demonstrated by the authors in [5] through the reduction of the array lattice spacing. As a matter of fact, the use of closely spaced elements gives reflection phase curves with a smoother behavior with respect to the fixed tuning parameter as well as the frequency. As demonstrated in [6] , this configuration can be effectively adopted for the design of broadband reflectarrays with reduced size. In this work, the bandwidth features of small reflectarrays are analyzed in terms of the phase errors due to the compensation mechanism for the spatial phase delays. A bandwidth estimation formula is derived which takes into account for the combined effects due to the overall antenna geometry and the frequency response of the single reflectarray element. The above formula provides an upper limit to the bandwidth achievable in the case of small reflectarrays with fixed geometry (D and F/D values), giving a way to quantify the enhancement contribution due to elements with smoother phase curves. The adopted bandwidth evaluation approach is applied to the analysis of some reflectarrays prototypes, and it is shown that the relative 1 dB gain bandwidth value follows very well the behavior given by the proposed formula. As a matter of fact, other approaches existing in the literature [7, 8] for the bandwidth evaluation of reflectarrays assumed as validation reference the frequency range limiting the 1 dB gain of the antenna, that is, a zone where small or very negligible gain variations occur. In our case, the slope variations of the phase curves are taken into account to give a better upper bound with respect to the methods proposed in literature [7, 8] . Although it is not demonstrated that an exact correlation exists between the proposed formula and the 1 dB gain bandwidth, the comparisons with this parameter are useful to make a qualitative analysis of the reflectarray bandwidth improvement due to a proper choice of the single element configuration.
Furthermore, a 20 GHz aperture-coupled element with a unit cell size smaller than λ/2 is presented as broadband reflectarray radiator. The patch is printed on a 1 mm-thick substrate of foam which also contributes to the element bandwidth enlargement. The synthesized element offers a phase curve with a very smooth behavior, essentially caused by the mutual coupling among the patches.
A significant bandwidth improvement (corresponding to a 1 dB gain bandwidth equal to 23%) is demonstrated for a 12λ diameter reflectarray operating at the frequency f = 20 GHz. 
Bandwidth Estimation for Small Reflectarray Antennas
The bandwidth of reflectarray antennas is strongly affected by the compensation mechanism for different phase delays in the paths from the feed to each array element. This effect is dominant in the case of large reflectarrays, so the development of techniques able to exactly compensate the differential phase delay in a large frequency range is required. Some of these techniques have been implemented in [1] [2] [3] [4] , giving appreciable bandwidth improvements. As demonstrated in [4, 7, 8] , the frequency dependence of the differential phase delay has a minor effect on the bandwidth of small reflectarrays. In this case, it is usually sufficient to adopt a wideband element configuration, in order to obtain a reflectarray with a relative large bandwidth. However, also for small aperture reflectarrays, the antenna frequency behavior must be optimized by considering the combined effect due to the bandwidth of the single element as well as the frequency dependence of the phase delay in the signal incident on each array element. Infact, the reflectarray geometry features, namely, the antenna diameter D and the focal distance F, restrict the achievable bandwidth below an upper bound level [7, 8] that cannot be increased by the adoption of an element structure with wider bandwidth behavior. In order to demonstrate the above assertion, we consider the geometry of a center-fed reflectarray depicted in Figure 1 . The feed antenna produces a spherical wave impinging on the reflectarray aperture. The path difference between the focal distance F and each ray departing from the feed up to the generic element position (x, y) is equal to the following: A differential phase delay proportional to the above distance is imposed on each array position, giving the following incident phase:
where c 0 is the light velocity in vacuum. Each reflectarray element must be designed in order to compensate for the phase delay (2) and to steer the main beam along a desired direction, at a given frequency f 0 [9] .
For simplicity, the case of a broadside reflectarray is considered, for which the compensating phase to be introduced by the array elements is given as
according to the assumed phase normalization positions in the array grid, which are, respectively, the central element with coordinates (x, y) = (0, 0) and the elements onto the rim of the array, namely, (
This phase compensation approach guarantees the fulfillment of the imposed reflectarray design constraints only at the operating frequency f 0 . Expression (2) shows that the phase of the signal incident on each element is a function of the frequency f , thus a wideband operation mode can be obtained only if the adopted reflectarray elements are able 
to exactly compensate the phase delay (2) in a rather wide neighborhood of f 0 .
A further point to be considered is that the phase reflected by each reflectarray element is itself frequencydependent, that is, φ refl (x, y, f ). Its behavior is strictly related to the nature of the considered compensation technique, (e.g., variable size patches, aperture-coupled patches with variable lines, etc.) and, usually, it does not match the condition imposed by the frequency compensation of the incident phase (2) . This last condition, infact, would require a linear behavior of φ refl (x, y, f ) with respect to the frequency, with a slope equal to the opposite value of the frequency derivative of (2) . This means that the phase of the field reflected by the elements should have a frequency dependence with slightly different slopes for each position of the array grid [8] . It is very difficult to achieve this goal with the commonly used reflectarray configurations. In fact, they are not able to separately control the compensating phase value at the operating frequency f 0 , given by (3), and the rate of phase change with respect to the frequency f , given by the derivative (∂/∂ f )φ refl (x, y, f ). Reflectarray configurations, based on the use of a single-phase tuning parameter, have a fixed frequency dependence for each achievable phase delay at the design frequency f 0 .
Furthermore, the reflection phase curves of a broadband reflectarray element are almost parallel in a broad frequency range. This means that the slope of the reflection phase curves for a fixed reflectarray configuration can be assumed constant with respect to the tuning parameter values. Thus, unless to develop reflectarray configurations offering more than one tuning parameter, in order to control both the required phase delay and the slope of the reflection phase curve, the bandwidth of this type of antenna cannot be optimized by the proper allocation of the elements in the array grid, according to the phase change rate requirements imposed by the derivative of expression (2) . Established that the incident phase (2) cannot be compensated for all frequencies, a phase error will occur, thus limiting the operating bandwidth of reflectarray antennas. In particular, the phase error increases when the operating frequency departs from the design frequency f 0 , so introducing a reduction in the reflectarray gain bandwidth as well as a distortion of the synthesized radiation pattern.
The way to enlarge the bandwidth of a small reflectarray basically consists of the choice of an element configuration with a very slow frequency variation. However, the amount of achievable improvements by the adoption of phase curves with small slopes is limited by the antenna geometry. This fact is demonstrated below, by computing a new bandwidth estimation formula, like those presented in [7, 8] , including also the dependence from the slope of the considered reflection phase curves. At this purpose, the frequency variation of the total phase obtained on the array surface is considered as follows:
with
where tgα is the phase variation rate versus frequency of the phase curve relative to the reflectarray elements. In general, tgα varies with the tuning parameter, then it is a function of the location (x, y). Furthermore, expression (6) assumes that the phase curves have a linear frequency dependence, but it is true only within a neighborhood of the frequency f 0 , in accordance with the bandwidth performances of the adopted element configuration.
When the frequency varies from f 1 to f 2 , with f 1 < f 0 < f 2 , the maximum phase change at each element position is given as:
In the case of broadband elements, characterized by phase curves with a strong similar slope for the various tuning parameter values, the phase error contribution in (7), due to the frequency dependence of the single radiator, can be considered identical in each location (x, y) of the array, thus it can be omitted. This condition is equivalent to the assumption made in [7, 8] , where a bandwidth estimation formula is computed by neglecting the frequency dependence of the phase reflected by the single reflectarray element, that is, tgα = 0 • /GHz. Thus, in this case the achievable maximum bandwidth is substantially imposed by the antenna geometry.
In the other cases, namely, those concerning relatively narrowband elements, or broadband elements with phase curves not so parallel, the phase curves slope varies within a certain range, namely tgα ∈ (tgα min ÷ tgα max ). In this latter case, the bandwidth could result to be much lower than the upper bound value computed in [7, 8] . In particular, the wider is the slope variation range, the lower is the bandwidth upper bound level imposed in conjunction with the antenna geometry. At this purpose, the formula presented in [7] is changed in order to take into account the effects of the slope variation in the phase design curves associated to the adopted reflectarray elements.
Assuming a 360
• phase error at the edge of the aperture due to the considered frequency excursion, just like in [7] , the percentage bandwidth BW = ( f 2 − f 1 )/ f 0 % can be evaluated as follows:
in which the coordinates (x, y) are fixed to the values corresponding to the edge aperture elements, that is, (±D/2, 0) or (0, ±D/2). Furthermore, the phase error (7) is normalized with respect to the phase error contribution due to the minimum phase curve slope tgα min , which is identical for each location (x, y). As follows, expression (8) is considered for the estimation of the phase curves slope effect on the reflectarray bandwidth, for different values of the antenna geometrical parameters. Figure 2 shows the behavior of the percentage bandwidth versus the normalized phase change rate tg(α) − tg(α min ), for different values of the reflectarray diameter. The F/D ratio is fixed to a value equal to 0.5. It can be observed that BW decreases rapidly for higher phase change rates. Furthermore, for aperture diameters above the 40λ value, the bandwidth is less dependent from the element phase curve slope. Similar considerations can be made for the graphs reported under Figures 3 and 4 , illustrating the percentage bandwidth of a reflectarray with F/D ratios, respectively equal to 1 and 1.5. Also in these cases different values of the array diameter are considered. From the comparison of the three plots (Figures 2-4) , it can be observed that the bandwidth increases for higher F/D ratios, but this trend is more pronounced for smaller array diameters. In every cases, it can be noted that a normalized phase change rate below the −150 • /GHz value, makes the percentage bandwidth independent from the antenna geometry. As a matter of fact, in this case it is dominant the effect of the intrinsic narroband behavior of the single radiator.
A small variation in the normalized phase curve slope within the [−50 ÷ 0]
• /GHz range may give a very large change in the estimated bandwidth value. This observation can be better appreciated in Figure 5 , where the curves obtained for a 12.4λ aperture diameter are compared for different F/D ratios.
The bandwidth estimation, given by (8) , is subject to certain changes due to the simplified assumption that the phase curves computed for different values of the tuning parameter are linear. However, the deviations from this ideal conditions are very small within the operating frequency range of broadband reflectarray element configurations. So, formula (8) gives a quite good trend of the bandwidth behavior for small reflectarray antennas.
In order to prove the effectiveness of the derived formula (8), this is adopted for the bandwidth estimation of two different reflectarrays with variable size elements, which have been presented in [9] . The antennas are characterized by the features reported in Table 1 . In particular, the tg(α max )-column refers to the slope of the reflection phase curves computed for the element length giving the resonance at the operating frequency f 0 , corresponding to the maximum phase curve slope. Since both the considered reflectarray configurations are narrowband, the slope of the phase curves varies very rapidly with both the frequency and the element length within the range (tgα min ÷tgα max ) specified in Table 1 .
In the same table, a comparison with previuosly published data is also reported, which are, respectively, referred to the measured reflectarray gain bandwidth, reported in [9], and the bandwidth calculated in [8] . The BW values estimated with the formula (8) are derived from the curves illustrated in Figures 6 and 7 , by fixing the phase change rate tg(α) to the values reported in Table 1 . It can be observed that (8) gives a quite good estimation of the reflectarrays bandwidth which is closer to the measured values reported in [9] . Other parameters affect the measured 1 dB gain bandwidth, which are not considered into (8) , such as the field pattern of the feed illuminating the array and the dielectric/conductor losses of the elements. However, the provided estimation formula, as discussed above, gives a closer upper bound to the effective measured bandwidth values, when compared to the existing approaches [7, 8] .
Broadband Aperture-Coupled Reflectarray Configurations with Reduced Interelement Spacing
The analysis performed in the previous paragraph has confirmed the fact that the bandwidth of small reflectarrays is strongly affected by the slope variation of the single elements phase curves versus frequency. Furthermore, the reflectarray bandwidth depends on the extent of the frequency range within which the slope of overall phase curves can be considered identical. So, the bandwidth behavior of reflectarrays with moderate size is controlled by the combined effect of the single element bandwidth and the slope of the reflection phase curves. As a result, the choice of the single element configuration, satisfying the bandwidth requirements on the overall reflectarray antenna, must be done looking at the value of the reflected phase curve derivative versus the frequency. As demonstrated by the curves illustrated in Figures 3-5 , in order to maximize the reflectarray bandwidth, the value of the curves slope should tend to zero or equivalently the curves must be almost parallel. Anyway, it must be fixed by taking into account the geometry of the antenna to be realized, such as the aperture diameter D and the F/D ratio. In order to obtain a broader-band reflectarray with moderate size, the aperture-coupled configuration depicted in Figure 8 , with a phase tuning stub slot-coupled to a rectangular patch, is optimized. The reflection phase is controlled by varying the length of the line section L m , while all other antenna dimensions are fixed in order to match the aperture coupled patch with the variable length line.
This element is proposed as broadband reflectarray configuration [4, 10] , because it offers smoother phase variations when compared to the standard reflectarray configuration with patches of different size. Further bandwidth improvements of the aperture-coupled configuration have been demonstrated in [5, 6] , by reducing the spacing between adjacent elements in the array grid. These enhancements are principally due to the mutual coupling among the array elements which has the effects to reduce the slope of the phase curves versus frequency. In [5, 6] , the comparison between two reflectarrays characterized by different grid spacing is reported. The two considered configurations are characterized by the same layers stratification reported under Table 2 , but they have different cell dimensions that are, respectively, Δx = Δy = 0.6λ 0 and Δx = Δy = 0.4λ 0 at the operating frequency f 0 = 20 GHz. The dimensions of the two synthesized reflectarray elements are reported under Table 3 . The characteristic impedance of the tuning line is fixed to a value of 100 Ω. A wider band behavior has been demonstrated in [6] for the configuration with reduced spacing. Both the configurations have been analyzed with a full-wave code based on the infinite array approach and by assuming a normally incident plane wave.
For the sake of clarity, some results obtained in [5, 6] are reported below. In particular, Figures 9 and 10 show, respectively, the phase and the amplitude of the reflection coefficient computed for the two considered cases. The phase curves computed in the case of a 0.4λ 0 spacing show a smoother behavior which extends over a larger frequency range with respect to the case of a 0.6λ 0 cell. All the phase curves are normalized with respect to the central frequency f 0 . The maximum slope tgα max of the computed curves is evaluated to be equal to −150
• /GHz and −88 • /GHz for the 0.6λ 0 and the 0.4λ 0 unit cell size, respectively, while the minimum curve slope tgα min is equal to −25
• /GHz and −35
• /GHz, respectively. Similarly, the amplitude of the reflection coefficient ( Figure 10 ) shows slower variations with respect to the frequency in the case of the 0.4λ 0 cell. Anyway, it can be observed that in both cases the total losses due to the dielectric and the conductors are very low. As a matter of fact, the reflection amplitude remains above the −0.8 dB level. This means that the losses associated to the single radiator will cause a negligible reduction of the reflectarray antenna efficiency, which in turn will be principally affected by the spillover and the tapering losses [9] .
The strong bandwidth improvement obtained in the case of the reduced cell size is determined by the coupling between the patches. In the case of slot-coupled configuration, such as in multiresonant antennas [11] , this allows to increase the impedance bandwidth between the slot-coupled patches and the variable length lines. As it is well known, a reflectarray element well matched to the phasing stub in a given frequency band is able to provide the appropriate phasing in the whole band [4] . Figures 11 and 12 illustrate the input impedance and the reflection coefficient seen at the line section t (see Figure 8) . It is evident that a broadband impedance bandwidth is obtained when the patch is embedded into an infinite array with a more dense lattice.
In order to verify the bandwidth enhancement due to the adoption of reflectarray elements with smoother phase curves, the 1 dB gain bandwidth has been computed in [6] for few reflectarrays with different aperture diameters, based on the two differently spaced element configurations.
The normalized gain patterns against frequency is calculated as described in [9] , by the superimposition of the spherical waves radiated by each unitary cell composing the antenna, which are proportional to the reflection coefficients illustrated in Figures 9 and 10 . The field pattern of the feed is also taken into account and modeled by the expression G f (θ, ϕ) = cos n (θ), as usually adopted in the literature [9] .
A bandwidth improvement is demonstrated for all considered case when Δx is reduced to 0.4λ 0 . In particular, when D ∼ = 12.4λ 0 and F/D = 1, the gain bandwidth increases from the value of 6.7% (Δx = Δy = 0.6λ 0 ) to the value of 17% (Δx = Δy = 0.6λ 0 ). These bandwidth values follow enough the behavior provided by the estimation formula (8) , as it can be observed in Figure 13 .
In order to obtain a further improvement in the bandwidth of the considered reflectarray configuration, a 1 mm thick foam substrate is adopted as patch dielectric support, while a reduced unit-cell size equal to 0.48λ 0 is considered. The designed element is characterized by the layers stratification reported under Table 4 , while its top view is illustrated in Figure 14 The element shows a very large bandwidth in terms of −10 dB return loss at the input port 1 (Figure 14(b) ), which extends from 16.2 GHz to 25.8 GHz. However, this high bandwidth value, usually, does not exactly match the bandwidth of the reflectarray element evaluated with respect to the reflection curves behavior [4] . The bandwidth of the designed reflectarray element is calculated using the approach described in [6] , based on the evaluation of the frequency range within which all the phase curves computed for different values of the tuning stub L m are almost parallel. Then, normalizing all the curves with respect to the central frequency f 0 , the operating band is computed by considering the parallelism condition satisfied, apart from a margin error Δφ equal to ±45
• . This bandwidth evaluation approach, applied to the above reflectarray element, gives the results illustrated in Figure 15 , where an upper and a lower bound curve are used to delimitate the operating frequency range. The two curves are computed as the summation of a fixed reference curve with the error Δφ. As it can be observed, the resulting bandwidth is equal to the value of about 29%, while the maximum curves slope tg(α max ) is equal to about −67
• /GHz and the minimum slope tg(α min ) is about −30
• /GHz. Matching this last values with the bandwidth estimating curve in Figure 16 , a BW equal to 27.5% is obtained for a reflectarray with D = 12λ 0 and F/D = 1.
The designed aperture-coupled element is adopted for the design of a reflectarray antenna operating at the frequency f 0 = 20 GHz. The antenna is characterized by a circular reflecting surface with a diameter D of about 12λ 0 . The synthesized reflectarray has a unit cell size equal to 0.48λ 0 × 0.48λ 0 , with an overall number of 438 elements. The bandwidth behavior of the antenna is compared with the results obtained in [6] for two reflectarrays operating at the same frequency f 0 and having D ∼ = 12.4λ 0 . For all considered reflectarrays, the F/D ratio is fixed to 1, while the power radiation pattern of the feed is modeled by the expression G f (θ, ϕ) = cos n (θ), with n = 10.
A synthesis algorithm based on the iterative projection method [12, 13] is applied to compensate for the path delay on each reflecting element, so concentrating the impinging energy in the broadside direction. Table 5 summarizes the principal features of all considered reflectarray antennas. The same table reports the 1 dB gain bandwidth value calculated for each antenna prototype. The comparison among the three normalized gain patterns is illustrated in Figure 17 . It can be observed a significant enlargement in the bandwidth of the reflectarray based on the aperture-coupled element proposed in this work. As previously discussed, this wider band behavior is due to the smaller slope of the almost parallel reflection phase curves related to the designed reflectarray element.
Conclusion
A bandwidth estimation criterion for the reflectarray bandwidth has been derived, taking into account the combined effect due to the antenna geometry and the frequency dependence of the phase reflected by each reflectarray element. The formula has been adopted for the estimation of the maximum achievable bandwidth for some closely spaced aperture-coupled reflectarrays, showing a good agreement with the calculated 1 dB gain bandwidth for each considered case. A significant bandwidth enlargement has been demonstrated by reducing the phase curve slopes through a proper tuning of the coupling between the closely spaced elements [14] . Concerning Future developments, the application of the proposed method to broadband millimeter-wave [15, 16] passive and/or active [17] [18] [19] reflectarrays on innovative dielectric materials [20] will be considered, and experimental characterizations will be provided also by the adoption of innovative near-field [21] [22] [23] and openresonator [24] techniques.
